Fundus autofluorescence (FAF) imaging is commonly used in ophthalmic clinics for diagnosis and monitoring of retinal diseases. Lipofuscin in the retinal pigment epithelium (RPE), with A2E as its most abundant component and a visual cycle by-product, is the major fluorophore of FAF. Lipofuscin accumulates with age and is implicated in degenerative retinal diseases. The amount of lipofuscin in RPE can be assessed by quantitative measurement of FAF. However, the currently available FAF imaging technologies are not capable of quantifying the absolute intensity of FAF, which is essential for comparing images from different individuals, and from the same individual over time. One major technical difficulty is to compensate the signal attenuation by ocular media anterior to the RPE (pre-RPE media). FAF intensity is also influenced by fluctuations in imaging conditions such as illumination power and detector sensitivity, all of which need to be compensated. In this review, we present the concept and research progress of using visible-light optical coherence tomographybased simultaneous multimodal retinal imaging to compensate signal attenuation by pre-RPE media and the influence of parameters of the acquisition system for accurate measurement of FAF intensities.
Introduction
The retinal pigment epithelium (RPE) is a monolayer of pigmented cells located between photoreceptors and the choroid. [1] [2] [3] It maintains the normal function of photoreceptors, including regenerating 11-cis retinal in the visual cycle 4 and phagocytosis of the shed photoreceptor outer segment tips. 5 The RPE also helps to enhance vision by absorbing scattered light with melanin. As part of the blood-retina barrier, the RPE selectively facilitates material exchange between the retina and the bloodstream in the choroid. 6, 7 Furthermore, RPE cells secrete a variety of growth factors to maintain the integrity of the underlying choroid and overlying photoreceptors. 8 Given the functional importance of the RPE to photoreceptors and the retina, dysfunction of the RPE would inevitably affect the retina, the photoreceptors, and the vision.
Lipofuscin is a complex lipid/protein aggregate of nondegradable end products from phagocytosis of shed photoreceptor outer segments in the RPE. 9 It is the major source of fundus autofluorescence (FAF) and accumulates with age, 10, 11 thus it can serve as a biomarker of RPE aging. Lipofuscin affects RPE cells in many ways, including generation of oxidants and free radicals leading to oxidative damage, [12] [13] [14] [15] [16] lysis of cell membrane, 17, 18 light-induced apoptosis, 19, 20 and photo-oxidation-associated complement activation. 21, 22 These effects are believed to contribute to the pathogenesis of age-related macular degeneration (AMD), as well as other retinal dystrophies. 11, 23, 24 FAF was first detected in a vitreous fluorophotometry study. 25 It is a measure of fluorophores mainly contained in the lipofuscin granules in the RPE. 26, 27 Evidence has shown that A2E, a by-product of the photoreceptor visual cycle, [28] [29] [30] is the major fluorophore in lipofuscin granules and the major fluorophore of FAF. 11 FAF imaging has been used for the diagnosis and monitoring the progression of AMD, Stargardt disease, RPE tear, choroideremia, and
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retinal drug toxicity, 31,32 while the major focus of FAF clinical studies is on non-neovascular AMD. 33, 34 AMD is a major cause of irreversible blindness in the elderly population. Globally, the projected number of AMD patients is 196 million in 2020 and 288 million in 2040. 35 In the US, the number of AMD patients is projected to increase from 2.1 million in 2010 to 3.7 million in 2030. 36 The currently available FAF imaging techniques, which are based on confocal scanning laser ophthalmoscopy 22, [37] [38] [39] and fundus photography, 40, 41 are not capable of quantifying the absolute FAF intensities 22 although different imaging techniques have their corresponding advantages and disadvantages. Without knowing the absolute intensities of a FAF image, it is difficult to compare FAF images from different individuals, and even images from the same individual taken over time. Delori et al. 20 developed an innovative method by using a fluorescence reference to calculate the intensity of measured FAF. A fluorescence reference target of known fluorescence efficiency was placed in the intermediate retinal imaging plane covering a small portion of the field of view (FOV) and was imaged whenever a FAF image is taken. However, this method can quantify measured FAF intensities, but not the true quantities. The excitation and emitted fluorescence light are attenuated when it travels through the pre-RPE media, including the cornea, the aqueous humor, the lens, and the vitreous. The attenuation coefficient differs among different individuals. The pre-RPE media also changes over time in an individual, especially the lens. 42 The multimodal visible-light optical coherence tomography (VIS-OCT) and FAF (VIS-OCT-FAF) imaging technology, which simultaneously acquires OCT and FAF images with a single broadband light source, offers a unique opportunity to achieve true quantification of absolute FAF intensities. The simultaneously acquired VIS-OCT image of the RPE carries the same attenuation information as that incurred to the FAF image. The depth-resolving capability of OCT allows segmentation of signals from the RPE, which can be used as an internal reference so that the attenuation effect of tissues anterior to the RPE can be removed and true intensities of FAF can be quantified using a reference fluorescent target as described by Delori and co-workers.
Simultaneous VIS-OCT and FAF imaging
The first VIS-OCT-based simultaneous multimodal imaging system was described in 2012, 43 which used a single broadband light source with a center wavelength of 415 nm and a bandwidth of 8 nm. The light source was provided by frequency doubling of an ultra-fast Ti:Sapphire laser (Micra-5, center wavelength: 800 nm, maximum bandwidth: 120 nm) by using a barium borate crystal. For the first time, the technology demonstrated the concept of providing intrinsically registered OCT and fluorescence microscopy for simultaneous structural and molecular imaging. A supercontinuum (SC) laser was used as the light source in a newer version of VIS-OCT-FAF, in which a center wavelength of 488 nm was selected to be compatible with the FAF imaging systems currently in use. 44 The VIS-OCT axial resolution was significantly improved from 12 to 5.6 mm in air by using a 20 nm bandwidth.
In all these imaging systems, the OCT signals were detected in the spectral domain with a spectrometer. The fluorescence signals were detected with a PMT in a confocal arrangement. A near-infrared OCT (NIR-OCT) was also integrated in the systems for alignment purpose before image acquisition to avoid visible light exposure to the eye during the alignment process. Since the OCT and FAF images were generated by the same group of photons the speed of the two imaging modalities is the same, which is limited by the speed of the CCD/CMOS camera used for OCT or the PMT for the fluorescence.
The system was tested on rats for simultaneous in vivo OCT and FAF imaging. The technology successfully imaged the same group of rats over time to reveal the accumulation of lipofuscin with age. Histograms of the AF intensities in Figure 1 show a shift of distribution toward higher intensities with age. The technology has also been demonstrated of imaging exogenous fluorophores by imaging fluorescein angiography of rat eyes as shown in Figure 2 .
Eliminating attenuation factors in FAF imaging
It was recently demonstrated that simultaneously acquired VIS-OCT images can be used to compensate illuminating power fluctuations and attenuation factors for FAF images with VIS-OCT-FAF system, 45 a step further toward the quantification of the absolute FAF intensities.
To test the concept, a phantom was built to simulate light attenuation by media to RPE (Figure 3 To further test the effect of normalizing the FAF image intensity with that of the simultaneously acquired OCT image, the system was applied in imaging rat retina. FAF and VIS-OCT images were obtained from four albino rats (10 weeks old) every two weeks for four weeks. The average FAF intensity counts were normalized with the RPE OCT signal intensities by manually segmenting the RPE layer and averaged over the entire imaged area. The normalized AF intensity was calculated as I AF /I OCT-RPE , where I AF is the raw averaged FAF intensity and I OCT-RPE is the averaged intensity of the RPE OCT signals. Unlike the raw intensities (Figure 3(c) ), the normalized data show that the rates of increase among animals are very similar (Figure 3  (d) ), indicating that lipofuscin in those animals increased at a similar rate and linearly correlated with age which is consistent with previous findings. [46] [47] [48] Note that the 'levels' of I AF in Figure 3 (d) between animals are not normalized to a common reference, and thus they cannot be compared quantitatively. Since the detectors for OCT and the FAF are independent, the ratio I AF /I OCT-RPE cannot cancel the factors of detector sensitivity. As a result, further development by using standard reference targets for OCT and FAF is necessary.
VIS-OCT-FAF system with standard reference targets
To quantify true FAF intensities, the effects of the excitation light intensity and detector sensitivity need to be eliminated, which can be addressed by using a fluorescence standard with known fluorescence efficiency and a reflection standard with known reflectance in the intermediate retinal imaging plane. When imaged together these two reference standards can build a quantitative relationship between the FAF and VIS-OCT image intensities. The absolute intensities of AF from the RPE can be calculated using the OCT and the AF signals from the RPE and the standard references, assuming the attenuation of the AF signals is approximately the same as that of the OCT signals from the ocular media. With true intensities quantified by the multimodal imaging technology, it is possible to compare FAF images from different eyes and from the same eye at different time points. 45, 49, 50 Figure 4 shows a schematic of the imaging system, which consists of an optical fiber-based NIR-(red line) and VIS-OCT (blue line). 50 The NIR-OCT uses a superluminescent diode centered at 840 nm and the VIS-OCT uses a SC laser (filtered output: 480 AE 15 nm) as the light source. The probe light of the two OCT systems in the sample arm is combined by a dichroic mirror, scanned and delivered to the eye by the same optical system. Two reference standard targets were implemented in the intermediate retinal imaging plane, covering around 14% of the bottom of the FOV (Figure 5(a) ). The fluorescence reference is the same as the one introduced by Delori et al.
2 (Microscopy Education, Texas Red) and the reflectance reference (Microscopy Education, DAPI) consists of the same substrate material with fluorescence peak off the detection range. To achieve VIS-OCT imaging of the reference target along with the retina, the reference arm of the VIS-OCT system is split into two arms by a non-polarizing beam splitter. The shorter path length is to capture the interference signal from the reference target and the longer path corresponds to imaging the retina. A computer-controlled shutter blocks the light while the retina is scanned and is opened when the The simultaneous VIS-OCT and FAF with two standard reference targets were tested on rat retina in vivo. Figure 5 shows the images of a 14-month-old albino rat together with the two reference targets at the bottom. The en face projection of the RPE reflectance signal ( Figure 5(c) ) was provided by manual segmentation of the RPE layer.
Quantitative FAF imaging and system calibration Theoretical model. The reflectance model proposed by Van de kraats et al. 51 indicates that the reflected light from the eye can be categorized into three regions of reflectance: pre-RPE media, RPE layer, and post-RPE media. With the depth-resolving capability of VIS-OCT, we can extract the reflectance of the RPE layer from the OCT images through segmentation. The AC component of the OCT interference signal is proportional to the square root of the sample reflectance, and we have
where R OCT , R OCT-RPE , and R OCT-R are the expressions for the OCT signal, the reflectance from the RPE, and the reflectance from the reference target; I DC and I AC refer to the AC and DC components of OCT interference signal; s and q are transmittance and reflectance, respectively; a and a 0 are the solid angles comprising the light, respectively, from retina and reference target. Subscripts RPE and 'pre' refer to retinal pigmented epithelium and pre-RPE media, respectively. The AF intensity from the RPE and the reference target can be expressed as
where n RPE and n R are fluorescence efficiencies of RPE lipofuscin and reference target, respectively. A d represents detector sensitivity. It is obvious that by normalizing the VIS-OCT reflectance and FAF of the RPE layer to those of the reference targets, factors related to the light intensity and detector sensitivity 
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will be eliminated. However, the attenuation terms in both signals are remained. Finally, assuming similar transmittance of the ocular media in excitation and emission wavelengths, 52 by dividing the normalized FAF (qAF) with normalized VIS-OCT reflectance of the RPE layer (qOCT), these factors will be also eliminated. We have
where C, Q, e, and d, are concentration, quantum yield, extinction coefficient, and effective thickness of the fluorescent layer, respectively.
Phantom experiment. We conducted phantom experiments to validate the theoretical model. A model eye consisting of a lens, a master fluorescence slide as the retina, and a set of ND filters simulating the pre-RPE attenuation was built. Two different master fluorescence slides with different fluorescence materials (FITC and Texas Red)
were tested. The model eye was imaged at different illumination power and detector sensitivity and the detected signals are shown in Figures 6 and 7 . The calibration results in Figures 6(b) and (c) and 7(b) showed that in the calculated qOCT and qAF, the illumination power effects on both VIS-OCT and FAF signals, and the effects of detector sensitivity on detected FAF signals can be eliminated. Furthermore, as shown in Figure 7 (c) and (d) qAF/qOCT is independent of the OD values of the ND filters, indicating that the ratio can effectively compensate the attenuation by pre-RPE media.
In vivo imaging. We tested the VIS-OCT-FAF system by imaging rat retinas in vivo. qAF/qOCT was calculated in three groups of animals: two-month albino (n = 5), 14-month albino (n = 6), and 12-month pigmented rats (n = 6). The reflectance projection of the RPE layer was obtained by manual segmentation on the OCT B-scans. The average RPE reflectance was calculated in a square window within a controlled distance from the optic disc and without blood vessel shadows. The qAF was obtained by normalizing the averaged AF signal of the retina to the 
50
AF signal of the reference target, and qOCT was calculated by normalizing averaged OCT reflectance signal of the RPE layer to the reflectance standard target. As shown in Figure 8 , 14-month-old albino rats have significantly higher qAF (p = 0.0063) and qAF/qOCT (p = 0.0325) levels than two-month-old albinos, indicating accumulation of lipofuscin. 45 The qAF is significantly lower in 12-month pigmented rats than 14-month albino rats (p = 0.0019), consistent with previous studies. 53 The OCT reflectance of the segmented RPE layer in pigmented rats is also significantly lower than the 14-month albino rats. Consequently, no significant difference is found in the qAF/qOCT ratios between the two groups of rats (p = 0.8021).
These results indicate that the VIS-OCT-FAF system is capable of detecting true FAF intensity. The finding that the true FAF level is comparable to the albino rats of similar age when qAF is normalized with qOCT, even though the raw qAF in pigmented rats is much lower than the albino rats, suggests that the system can compensate signal attenuation by RPE melanin as well. Thus, qAF/qOCT is also independent of the amount of melanin in the RPE. This feature of the VIS-OCT-FAF system could have great clinical significance.
Future prospective
The theoretical analysis and experimental results clearly demonstrate that the simultaneous VIS-OCT-FAF technology is capable of measuring the absolute and true intensities of FAF. However, the technology needs to be further refined and optimized. For example, there is a 
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compensation/scaling factor in the calculated qAF/qOCT in relation to the concentration of the fluorophore in the simulated retinal RPE, or RPE lipofuscin in the eye in vivo, as indicated in the results shown in Figure 7 (c) and (d). This compensation/scaling factor may be related to the optics of the imaging system and the geometric parameters of the eye, such as the pupil size. This compensation/scaling factor can be determined in phantom studies with controlled parameters.
Visible light illumination is more likely to cause eye movement and introduce motion artifacts in the FAF images. An effective measure to reduce motion artifacts is to increase the imaging speed. Currently, our latest multimodal imaging system is capable of acquiring both images in less than 1 s while the alignment process is guided by using a NIR-OCT. The short time visible light exposure with light intensity in the safety level will not alter lipofuscin deposition in the RPE cells.
The standard reference target used in the VIS-OCT-FAF system discussed above was from a commercial source with a fluorescence efficiency too high for FAF detection that a high optical density (OD = 10) ND filter had to be employed. The high OD value made it impossible to image the fluorescence target with OCT. Furthermore, the emission and excitation spectrums of the commercial reference target with Texas Red are not the same as those of RPE lipofuscin/A2E, and the quantum yield of Texas Red is much higher than A2E. An ideal standard reference target should have a fluorescence efficiency in the range of FAF so that a single reference target can be used for both OCT and FAF, and with a fluorophore having similar emission and excitation spectrum, as well as quantum yield to those of A2E.
We have been working on a reference target using synthesized A2E as the fluorophore embedded in a polymethyl methacrylic slide to serve as a common reference target for both imaging modalities. Standard reference target with synthesized A2E as the fluorophore will simplify the calculation of absolute FAF intensities. In addition, we propose to introduce a new intensity unit as a measure of FAF intensity. This new unit, A2E equivalent unit, or AEU, is defined as one AEU equivalent to the fluorescent intensity of 1 ng/mm 2 of A2E emitted from RPE. The use of AEU to measure the intensity of FAF will not only provide a standard for FAF measurement, but also give us a sense of how much A2E-like fluorophores, and thus the amount of lipofuscin, are present in the retina. A reference target using synthesized A2E as the fluorophore will make it easier to adopt AEU as FAF intensity unit.
FAF, a biological phenomenon, carries information that likely reflects the health status of the RPE and the retina. Detection of FAF has been used widely in ophthalmology clinics. The VIS-OCT-FAF technology is being developed with the capability of quantitative measurement of the absolute intensities of FAF overcomes the limitations of the technologies currently available. With absolute FAF intensities embedded in FAF images, it is possible to compare FAF images from different individuals or from the same individual over time can be compared. This new technology will be a clinical tool to provide information that was previously inaccessible to ophthalmologists for better patient care.
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